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Abstract 
Morphing technology on aircrafts has found increased interest over the last decade because it is likely to enhance 
performance and efficiency over a wider range of flight conditions. The key technologies in morphing aircrafts 
include adaptive structures, deformable smart skin, driving actuators, flight dynamics and flight control. Among them, 
the deformable smart skin and light-weight driving actuators have been the main obstacles to the real-world 
implementation of the morphing aircraft. The difficulties in the smart skin rest on the contradiction between its ability 
to resist aerodynamic load in the normal direction and the in-plane flexibility for morphing functions. This 
contradiction cannot be solved by using sophisticated properties of the skin materials. It can only be solved by new 
skin structures, which give anisotropic stiffness for bending and in-plane deformation. In this article two skin 
structures for morphing aircrafts, the wavy skin structure and the honeycomb skin structure, are introduced. The 
actuators for morphing aircrafts are required to have large stroke, large output force, good compactness, and good 
controllability. In this article, piezoelectric-hydraulic actuators are introduced. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Jinsong Leng and 
Jouathan Cooper 
Keywords: morphing aircraft, smart skin, wavy structure, honeycomb, piezoelectric pump 
1. Introductin  
The morphing technology makes an aircraft have the ability to change its geometry parameters during 
flight [1]. The conventional fixed shape aircraft can only have the best performance in the established 
missions and can not adapt to the changed missions very well. Scientists and engineers have been 
interested in the field early from the Soviet Union telescoping wing demonstrator LIG-7 in the 1930s to 
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the variable sweep wings appearing in the 1940s and becoming prevalent in the next two decades. In the 
Mission Adaptive Wing program (MAW) in the 1980s a smooth variable camber wing is installed onto 
the F-111 fighter making the demonstrator have the capability of changing the parameters of both the 
wing plan form and wing airfoil [2]. A hingeless morphing leading and trailing edge with integral 
actuation mechanism based on the shape memory alloy was developed in the Smart Wing Project with 
comparisons to the trailing edge actuated by the conventional electric motors and piezoelectric motors [3]. 
The unmanned morphing aircraft MFX-1 under a program called “Next Generation Morphing Structures 
(N-MAS)” is capable of large geometry changes including 200% in the aspect ratio, 70% in the wing area 
and 40% in the wing span [4].  
However, the increased weight, wrinkled aerodynamic surface, system complexity and others usually 
offset the benefits brought by the morphing behavior. For the researchers who want to make aircrafts 
perform more efficiently at different altitudes and speeds, the morphing technology has always been a 
great aspiration. Even though the previous programs or aircrafts have achieved some kind of success, 
there still remain many problems to be solved before the morphing structure technology becomes real-
world, among which the deformable smart skin and the light-weight driving actuators are the two main 
obstacles.  
The smart skin should be flexible to minimize the actuation energy. It is also essential for the skin to 
transmit the aerodynamic loads to the inner structures. Thus, the smart skin should be anisotropic with 
low in-plane stiffness and high out-of-plane stiffness. The smart skin is also required to have a sufficient 
strain capability, which means when the smart skin is deformed the material does not have plastic 
deformation. Composite corrugated structures are anisotropic with a relatively high stiffness parallel to 
the corrugation direction and a relatively low stiffness in the direction perpendicular to the corrugation. 
Thill made use of the potential in a morphing trailing edge, firstly by corrugated laminates and then by 
corrugated sandwich structures to overcome its drawback of the low out-of-plane stiffness [5]. The 
honeycomb structure is also anisotropic. Gandhi identified the desirable attributes of a flexible skin 
especially in the airfoil camber morphing [6] and presented the concept of the sandwich structure skin 
with a honeycomb core and two flexible face sheets [7]. Wereley demonstrated a flexible matrix 
composites fabricated by soft elastomer and carbon fiber laminae supported by the flexible honeycomb 
structure made of durable plastics [8].            
The actuators used in the morphing structures are expected to have large output forces and large 
strokes with good compactness and good controllability. The weight of the actuators used in the morphing 
structures is required to be reduced. While these requirements such as large output force versus large 
output displacement and large output power versus light weight are sometimes contradictive. New 
methods may be needed to achieve these requirements. Compared with the traditional pumps, the 
piezoelectric pump has many advantages: simple structure, small size, light weight, low power 
consumption, less noise and no electromagnetic interference [9]. The piezoelectric hydraulic pump can 
overcome the drawback of small strokes in the conventional piezoelectric actuators such as the monolithic, 
bimorph and stack actuators [10]. 
In this article, two kinds of smart skins, namely, the elastomer reinforced by the honeycomb structure 
and the corrugated structure skin are introduced, together with a novel piezoelectric hydraulic actuator. 
2. The honeycomb reinforced elastomer 
2.1. Conceptual development 
To meet the contradictive requirements the morphing skin will be designed by stiffness tailoring [11]. 
Since the strain capacity is required, a matrix made from elastomer which is easy to obtain an elongation 
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rate of several hundred percents provides possibilities to configure the morphing skin. While a morphing 
skin purely made from elastomer material is too flexible to carry the aerodynamic loads, some kind of 
reinforcement material is needed to stiffen the skin in the proper direction. The honeycomb structure with 
relatively smaller in-plane modulus and larger out-of-plane modulus is considered to be suitable for the 
applications of the morphing skin. Many researchers have studied the honeycomb structure 
experimentally, theoretically and by numerical stimulation. The in-plane sketch of a honeycomb cell can 
be described by the geometric parameters shown in Fig. 1, in which h is the vertical wall length, l is the 
inclined wall length, t is the honeycomb thickness and ș is the cell angle. The ratio of the thickness to the 
length t/l (the vertical wall has the same length to the inclined wall) is considered to represent the relative 
density of the structure. According to Gibson and Ashby’s expressions [12], the out-of-plane equivalent 
modulus is proportional to the honeycomb relative density and its in-plane equivalent modulus is 
proportional to the cube of the relative density.  
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(a)                                                                                                (b) 
Fig. 1. (a) In-plane sketch of the honeycomb cell; (b) Honeycomb cell shapes 
In the usual applications, the honeycomb is used as the core of the sandwich structure, carrying the 
shear load, stabilizing the face sheets [13]. While in the morphing skin proposed by Olympio and 
Gandhi [7] the modulus of the face sheet is quite low compared to those face sheets used in the ordinary 
honeycomb sandwich structures and the effects of the flexible face sheets on the bending stiffness can be 
neglected. As the side effect, the flexible face sheets lead to a larger depth of the morphing skin which 
means the increase of the weight and decrease of the inner space. The adhesion force between the core 
and the face sheets is small too. Also, aerodynamic loads will cause local deformations in the honeycomb 
cell, especially when the length of the honeycomb cell is too large. 
A simple and direct method to solve the problem is to fill the honeycomb core with the elastomer so 
the elastomer will be adhered to the cell walls of the honeycomb and the adhesion force will be increased 
significantly, eliminating the local deformations substantially. Meanwhile, the elastomer filled in the 
honeycomb will increase the bending stiffness, which in turn will reduce the depth to get the same 
bending stiffness. In a viewpoint of manufacturing, a morphing skin based on the honeycomb structure 
filled with elastomer could be easier to be fabricated in comparison to the morphing skin with the 
honeycomb core adhered to a flexible face sheet, where the adhesive layer is necessary and might be 
broken under cyclic morphing. The polyurethane elastomer (PUE) is chosen because of its endurance and 
designability. A casting method can be applied to synthesize the elastomer and fabricate the morphing 
skin. 
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Thus, in this design the polyurethane elastomer will be the flexible matrix and the honeycomb 
structure is used to reinforce the matrix, which leads to the so-called honeycomb reinforced elastomer. As 
to the further problems, the flexible face sheets can be added to make a sandwich structure. Fig. 2a shows 
the sketch of the honeycomb reinforced elastomer and Fig. 2b describes the morphing skin composed of 
the flexible face sheets and the honeycomb reinforced elastomer. 
In this article the honeycomb reinforced elastomer will be focused on. Finite element simulation was 
carried out using the commercial software Abaqus and the fabrication process and sample test were 
carried out based on the simulation results. 
 
            
(a)                                                                                                 (b) 
Fig. 2. (a) Sketch of the honeycomb reinforced elastomer; (b) Flexible face sheets adhered to the honeycomb reinforced elastomer.  
1: Flexible face sheets; 2: Honeycomb structure; 3: Elastomer 
2.2. Finite element simulation 
The honeycomb and elastomer are modeled separately, then assembled and merged into one part with 
their original properties retained. It is assumed that the bonding between the honeycomb cell walls and 
the elastomer is perfect. The honeycomb structure is modeled by the shell element S4R and the hybrid 
elements C3D8H and C3D6H are used to model the elastomer.  
The uniaxial test is applied to obtain the stress-strain relationship of the polyurethane elastomer and 
the Yeoh model is selected to express its mechanical properties. The honeycomb material properties are 
taken from Al sheets and polyoxymethylene (POM). And the honeycomb parameters are summarized in 
Table 1 and Fig. 1b. The relative density of the Al honeycomb is set based on a commercial Al 
honeycomb structure while the relative density for the POM honeycomb is set to be the same and triple to 
it. In the numerical simulation, 7 kinds of cell shape with the cell angle ranging from 60° to 0° at every 
10° degrees as shown in Fig. 1b are considered for each honeycomb core shown in Table 1. The height of 
the honeycomb is 5 mm for all the cell shapes. 
Table 1. Honeycomb parameters 
Honeycomb 
name 
Young’s 
modulus/MPa 
Poisson 
ratio 
Yield 
stress/MPa
Ratio of the thickness to 
the length Cell angle 
Honeycomb
height/mm 
Al-1 72 000 0.3 145 0.023 
Ranging from 
60° to 0° 
every 10° 
5 
Al-2 72 000 0.3 290 0.023 
POM-1 2 600 0.4 63 0.023 
POM-2 2 600 0.4 63 0.069 
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To determine the in-plane stiffness, the out-of-plane stiffness and the strain capacity under in-plane 
tension, two simulation load cases, namely the uniaxial tension and the three-point bending are 
considered. The simulation models have 19 honeycomb cells in the x (y) direction and 3 cells in the y (x) 
direction. Three kinds of results are calculated: the equivalent tensile modulus and the non-
dimensionalized three-point bending stiffness in x and y directions, and the strain capacity under tension 
in x direction. The three-point bending stiffness is non-dimensionalized with respect to the bending 
stiffness of a 0.5 mm thick Al sheet skin with the same span and width to the model. The strain capacity is 
acquired by determining whether the maximum stress in the honeycomb is beyond the yield stress.            
The simulation results are presented in Fig. 36. As the results shown, the honeycomb reinforced 
elastomer is anisotropic. A larger modulus and stiffness in one (x or y) direction corresponds to the 
smaller value in the other direction. The regular hexagon honeycomb is a critical case where the modulus 
and stiffness in the two directions are similar. The cell angles larger than 30° will bring a smaller modulus 
and stiffness in x direction and larger ones in y direction while cells with angles smaller than 30° exhibits 
an opposite trend. The equivalent mechanical properties of the honeycomb are influenced by geometry 
parameters and material properties. A larger Young’s modulus and a larger relative volumetric density of 
core will lead to a larger tensile modulus and bending stiffness. The equivalent tensile modulus can be as 
low as 1020 MPa and the three-point bending stiffness can reach the bending stiffness of a 0.51.1 mm 
thick Al sheet if a proper cell angle is selected. Furthermore, a larger cell angle, a larger ratio of the yield 
stress to the Young’s modulus and a lower relative density will lead to a larger strain capacity in x 
direction.   
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(a)                                                                                        (b) 
Fig. 3. (a) Equivalent tensile modulus of the elastomer reinforced by Al; (b) Equivalent tensile modulus  
of the elastomer reinforced by POM-1 
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(a)                                                                                        (b) 
Fig. 4. (a) Equivalent tensile modulus of the elastomer reinforced by POM-2; (b) Non-dimensionalized three-point  
bending stiffness   of the elastomer reinforced by Al 
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(a)                                                                                        (b) 
Fig. 5. (a) Non-dimensionalized three-point bending stiffness of the elastomer reinforced by POM-1; (b) Non-dimensionalized 
three-point bending stiffness of the elastomer reinforced by POM-2 
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Fig. 6. Strain capacity in x direction 
2.3. Fabrication and sample test 
After the simulations, the sample with the metallic regular hexagon honeycomb (the cell angle is 30°) 
which has the same parameters to the simulation model Al-2 is selected to be fabricated and tested. The 
casting approach with the prepolymer is used to synthesize the elastomer and the compression molding 
method is applied to fabricate the skin as described in Fig. 7a and the morphing skin sample is shown in 
Fig. 7b. To make a uniaxial test, the samples are tailored to a proper size. The skin with the metallic 
honeycomb is about 120 mm long, 20 mm wide and 5 mm in height. The test results are summarized in 
Table 2 compared to the simulation result.  
 
        
(a)                                                                                                   (b) 
Fig. 7. (a) Scheme of the compression molding; (b) Elastomer reinforced by the metallic hexagon regular honeycomb 
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Table 2. Test results compared to the simulation results 
Tensile modulus Test result/MPa Simulation result/MPa Relative error 
x direction 19.14 20.22 5.64% 
y direction 15.58 17.45 12% 
3. The trapezoidal corrugated structure 
3.1. Theoretical model 
With a relatively high stiffness parallel to the corrugated direction and a low stiffness perpendicular to 
the corrugated direction, the corrugated plate structure has the potential to be used for the chordwise 
morphing. Figure 8 depicts the cross section configuration of the trapezoidal corrugated structure. 
 
               
(a)                                                                                             (b) 
Fig. 8. (a) Cross section configuration of the trapezoidal corrugated structure; (b) One quarter of the trapezoidal corrugated structure 
In Fig. 8a the width of a corrugated unit is wc, and the height is hc with the thickness t. The parameters 
h1, h2, l1, l2, l3, l4 are created for convenience to express the equivalent tensile modulus and bending 
stiffness. The trapezoidal corrugated plate structure is shown in Fig. 9 with the hypothesis that the 
corrugated direction is along the y axis, thus the x axis will be the morphing direction. 
 
       
(a)                                                                                          (b) 
Fig. 9. (a) Scheme of the trapezoidal corrugated structure; (b) Finite element model of the trapezoidal corrugated stucture 
The corrugated skin will be fabricated by the laminated plates and the in-plane tensile stiffness (A11) 
and bending stiffness (D11) of the laminated plates can be got according to the composite material 
mechanics, which can lead to the calculation of the equivalent tensile modulus and bending stiffness in 
the y direction by an integral as 
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To obtain the equivalent modulus in the x direction, one quarter of the trapezoidal element is 
considered as shown in Fig. 8b. It is also assumed that its deformation satisfies the BernoulliˉEuler 
beam assumptions under a concentrated force P applied at one end of the beam, which causes the 
horizontal displacement G . The overall deformation energy U can be expressed as follows  
2
3 2 2 2
11 11 11 11
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6 2 2 2
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.                                                                                     (3) 
The displacement can be written as 
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Thus the equivalent tensile modulus in x direction can be got 
c c
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To get the equivalent bending stiffness, a moment M is applied at the end of the beam instead of the 
force which causes a rotational angle \ . The deformation energy is expressed in terms of M as 
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Thus, the bending stiffness is  
11x
lM lD D
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
.                                                                                                              (8) 
3.2. Finite element analysis 
The trapezoidal corrugated structure is modeled using the commercial finite element software 
ANSYS as shown in Fig. 10b. The in-plane tensile stiffness (A11) and out-of-plane stiffness (D11) are 
6.726 7u107 N/m and 0.5u109 N/m respectively. And to calculate the equivalent tensile modulus or 
bending stiffness, one end of the model is constrained and the other end is loaded by the imposed force F 
or moment M. The simulation results are summarized in Table 3 compared with the theoretical results 
based on the equations above. 
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Table 3. Simulation results compared to theoretical results of the trapezoidal corrugated structure 
 
 
 
 
 
 
 
 
The results have shown the anisotropy of the corrugated structure with the equivalent modulus and 
stiffness in x direction two or three orders of magnitude lower than that in y direction. The theoretical 
model can be used to predict the mechanical properties for the skin design even though some errors 
existed compared to the simulation results which are caused by the simulation process and the material 
properties. 
3.3. Fabrication of the sample 
The corrugated structure skin is made of fiber reinforced plastics. Figure 10 shows the molds of the 
trapezoidal corrugated structure skin and the process of molding and Fig. 11 shows the sample.  
 
            
(a)                                                                                               (b) 
Fig. 10. (a) Molds of the trapezoidal corrugated structure skin; (b) Process of molding 
 
Fig. 11. Sample of the trapezoidal corrugated structure skin 
 Simulation results Theoretical results Relative error
Ex /MPa 2.28 2.13 7.04% 
Dx /(Nm-1) 0.11 0.15 26.67% 
Ey /GPa 4.73 4.51 4.43% 
Dy /(Nm-1) 2.25 2.02 11.39% 
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4. The piezoelectric hydraulic actuator 
4.1. System design 
Piezoelectric actuators are the most widely used actuators in smart structures due to their high 
electromechanical coupling factors and excellent frequency response. However, their small displacement 
output has limited their applications in morphing structures. Piezoelectric hydraulic actuators and 
ultrasonic motors are two types of actuators that can accumulate the small displacement generated by 
piezoelectric materials and have potential applications in morphing structures [14, 15].  
The piezoelectric stacks are used as the driving element in the piezoelectric hydraulic actuators. To 
obtain a larger displacement in a single stroke, three piezoelectric stacks are connected in series which 
generate an output displacement of 75 ȝm. According to the inverse piezoelectric effect, the axial 
displacement is produced while the piezostacks expand and contract with the periodically changing 
driving voltage. As shown in Fig. 12a, the displacement is passed through the piston to the diaphragm, 
resulting in the chamber volume changed periodically. The flow direction of the chamber fluid is 
controlled by two check valves. The check valve can prevent the reverse flow in the hydraulic system. 
When the piezoelectric stacks contract and drive the diaphragm to deform the volume of the pump 
chamber increases. The chamber pressure is lower than the pipe pressure, the fluid flows into the chamber 
while the export check valve is closed and the inlet check valve is opened. On the contrary, the chamber 
volume decreases while the stacks expand and the chamber pressure is higher than the pipe pressure. The 
fluid flows into the pipeline when the inlet check valve is closed and export check valve is opened. As a 
result, the fluid moves from the inlet to the outlet continuously. 
As shown in Fig. 12b, a typical piezohydraulic actuator consists of four major parts: a piezostack pump, 
a hydraulic cylinder, a directional control valve (change valve) and an accumulator. The change valve 
controls the flow direction of the fluid, which employs three spool positions: forward, locked and reverse. 
The fluid passes through the valve into the bottom or the top of the hydraulic cylinder while the valve 
spool position changes. The accumulator is used to provide the system with a bias pressure. The bias 
pressure which can be considered as a preload force on the stacks can prevent the cavitation phenomenon, 
but it also brings a disadvantage: the increased bias pressure will deteriorate the pump performance 
because it leads to the increasing in friction [16]. 
 
          Piezoelectric stack pump
Check valve
Change valve
Accumulator
Hydraulic cylinder
Low pressure
High pressure
Change valve
 
(a)                                                                                               (b) 
Fig. 12. (a) Scheme of the piezostack pump; (b) Scheme of piezohydraulic pump with the hydraulic cylinder 
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4.2. System model 
In the piezoelectric pump, the piezoelectric stacks are used as the driving component. Because 
piezoelectric ceramic is stronger under the compressive load than the tensile load, preload is usually 
applied to piezoelectric actuators in real applications. In a piezoelectric pump, the pressure in the chamber 
and the preload mechanism acts as a preload on the piezoelectric stacks. The free displacement and 
blocked force of a stack actuator in a given voltage are the two main performance indices. As shown in 
Fig. 13, the output displacement of a stack actuator is usually smaller than the free displacement due to 
the stiffness of the load, which is kload=kaccum+kpre, where kpre and kaccum are the equivalent stiffness of the 
preload mechanism and the equivalent stiffness of the accumulator. The higher the stiffness of load is, the 
less the displacement is. The output displacement of the piezostack, ǻlout, can be written as 
free
out
load
P
P
l k
l
k k
' 
'  

,                                                                                                               (9) 
where kP is the stiffness of the stack actuator and ǻlfree is the free displacement of the stack without load. 
      
Fig. 13 output characteristic curve of the piezostack                                    Fig. 14. simplified system model 
The output force of a piezoelectric stack Fout is 
free P P
out block P free P
load P load
(1 )
P
l k k
F F k l k
k k k k
' 
   '  
 
,                                                          (10) 
where Fblock is the block force of the piezostack. In the quasi-static state, the piezoelectric hydraulic 
system can be considered as a spring system, consisting of a numbers equivalent springs from different 
components of the system connected in parallel and/or series, as shown in Fig. 14. The equivalent springs 
kP , kpre , kd-struct , kd-fluid , kcham and kfluid is the stiffness of the piezostacks, the stiffness of the preload, the 
stiffness of the diaphragm and piston in the structural side, the stiffness of the diaphragm and piston in the 
fluid side, the stiffness of fluid in the chamber, and the stiffness of fluid in the tube and cylinder, 
respectively. All the components in the system have been modelled as a linear spring. The displacement x, 
xf, xv and xcylin are the displacement of piston, the equivalent displacement of the diaphragm, the 
equivalent displacement of fluid at the valve and the displacement of the cylinder.  
The equivalent displacement of the diaphragm is smaller than that of the piston because the piston 
only pushes the central part of the diaphragm as shown in Fig. 15. The ratio between xf and x, which is 
smaller than one, depends on many factors such as the diameter of the piston and the bending stiffness of 
diaphragm. Since an extra pressure is needed to open the values, a hysteresis of pressure exists when xv 
increases or decreases, as shown in Fig. 14. When the piston pushes the diaphragm, the pressure of fluid 
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inside the chamber is increased. The displacement of the piston should be large enough to open the value 
in order to achieve a net output. 
 
 
Fig. 15 Diaphragm deformation model 
In a real piezoelectric hydraulic system, its dynamic characteristics must be considered. When the 
driving voltage is a sine wave, the piston together with the diaphragm and the piezostacks vibrate axially. 
Its electromechanical coupling model of the piezoelectric pump can be described as a single-degree-of-
freedom (DOF) spring-mass system, as shown in Fig. 16. The equation of motion is [17] 
e e e block c dm x c x k x F P A     ,                                                                           (11) 
where me, ce, ke, respectively are the mass of moving component in the piezoelectric pump (including 
mass of piston and diaphragm and partial mass of the piezoelectric stacks), the equivalent viscous 
damping coefficient, and the equivalent stiffness of the piezoelectric stacks, the preload mechanism and 
the diaphragm, as shown in Fig. 14.  Moreover, Pc is the pressure in the chamber and Ad is the cross 
section area of the chamber. 
x
C c e
F b lo ck
P cA d
k e
m e
 
Fig. 16 Electromechanical model.
 
 According to Eq. (11), the is a resonance frequency in the system. At the resonance frequency, the 
amplitude of piston displacement is much higher than the static displacement. Hence, higher flow rate is 
generated at the response frequency. The value of the response frequency depends on the equivalent 
stiffness and mass. 
The flow rate can be estimated theoretically by the following steps. The volume change in each stroke 
can be estimated by calculating the diaphragm deformation and the flow rate can also be estimated. 
Hypothetically, the central deflection of diaphragm Ȧ is constant and equal to the axial displacement of 
piston. As shown in Fig. 15, the section line indicates the diaphragm position after deformation. The 
piston diameter is dp and the distance between the piston outer edge and the diaphragm outer edge is b. 
439 Jinhao Qiu et al. /  Procedia IUTAM  10 ( 2014 )  427 – 441 
 
The shaded area represents the volume change ǻV, thus the flow rate Q can be easily calculated by 
multiply the frequency and the time as  
2
pʌ ( )
2 2 p
dm
V b b d'   
ª º
« »
« »¬ ¼
,                                                                                            (12)  
60Q V f '   .                                                                                                                (13) 
In this case, dp = 21 mm, m = 0.075 mm, b = 7 mm which leads to the result V' = 0.049 ml. It shows 
the volume change is tiny in each stroke. For example, when the pump works at the frequency 70 Hz, the 
theoretical flow rate is 205 ml/min.  
4.3. Experimental setup 
An experimental prototype of the piezoelectric stack pump of a length of 170 mm and maximum 
diameter of 70 mm together with a I16×125 mm hydraulic cylinder is manufactured as shown in Fig. 17a, 
with an isometric view of the pump in Fig. 17b. The pump chamber is 35 mm in the diameter and the 
diaphragm is 43 mm in the diameter with 4 mm clamped on each edge. An o-shape annulus is used to seal 
the diaphragm to the chamber tightly and the edges of the diaphragm are compressed by the O-shape 
annulus. The piston is 21 mm in the diameter. The input voltage is a sine wave with a peak voltage of 150 
volts and a positive bias of 75 volts. Each piezostack is 30 mm in the length and 7 mm×7 mm in the cross 
section and three piezostacks are connected in series. The water is selected as the fluid in this experiment. 
The hydraulic cylinder is 16 mm in diameter with its effective stroke of 125 mm. A spool valve with five 
way valves is used to control the direction of the flow. The block pressure of pump is less than 1 MPa, 
thus the accumulator is not necessary in the following tests. 
 

3UHORDGEDVH 3XPSERG\ 'LDSKUDJP2VKDSHDQQXODU
3LVWRQ
3UHORDGEDVH
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3LH]RVWDFN &KHFNYDOYH  
(a)                                                                                                  (b) 
Fig. 17. (a) Photo of the piezoelectric pump and hydraulic cylinder; (b) Isometric view of the prototype 
The relationship between the outlet pressure, flow rate and frequency of the piezoelectric stack pump is 
shown in Fig. 18. The experimental results indicate that the relationship is not monotonous. With the 
increasing of the frequency, the flow rate and outlet pressure are to increase firstly and then decrease. A 
peak outlet pressure of 530 kPa is recorded at 70 Hz approximately. The resonance in the unloaded 
system is obvious. The resonance frequency is about 70 Hz, which is much lower than the natural 
frequency of the piezoelectric stack itself, but much higher than that of the first prototype [18]. The flow 
rate at the resonance frequency is about 310 ml/min, which is also much higher than the flow rate in the 
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first prototype. The low resonance frequency can be attributed to the low stiffness of the preloading 
mechanism. The plot of the outlet pressure versus the frequency ranging from 20 to 150 Hz illustrates the 
system is able to maintain pressures above 500 kPa with the performance degradation beginning at about 
100 Hz. Resonance phenomenon is not obvious in the loaded system, in which the output displacement is 
blocked. In the block state, the damping is usually higher.  
 

Fig. 18. Flow rate and outlet pressure vs. frequency
The relationship between the hydraulic cylinder speed and the frequency is shown in Fig. 19a. The 
hydraulic cylinder speed depends on the effective cylinder piston area, the pump flow rate, the outlet 
pressure and the damping of the cylinder. The maximum speed of 950 mm/min is recorded at frequency 
of 130 Hz in the range of 20200 Hz. 
 
 
(a)                                                                                                  (b) 
Fig. 19. (a) Hydraulic cylinder speed vs. frequency; (b) Thrust force, speed vs. frequency 
     The relationship between the thrust force, the speed and the frequency are shown in Fig 19b. The 
thrust force of the hydraulic cylinder is measured in the range of 20150 Hz. Due to the sharply reduction 
of the thrust force at about 100 Hz, it is more optimal for the system to work in the range of 80100 Hz. 
5. Conclusion 
The article reviewed two kinds of smart skins: the honeycomb reinforced elastomer and the corrugated 
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structure together with a novel actuator based on the piezoelectric hydraulic pump. The smart skins are 
designed by stiffness tailoring, which leads to the anisotropy of the structure and the geometry parameters. 
The anisotropic structure and the geometry parameters lead to anisotropic equivalent modulus and 
bending stiffness of the skin, so that the skin can deform in one direction and resist the aerodynamic load 
using high modulus and bending stiffness in the other direction.  
Piezoelectric hydraulic actuators have potential applications in morphing aircraft. The maximum 
pressure of 500 kPa is not enough for full-scale aircraft, but it is applicable to small-scale UAVs. The 
work has shown the feasibility and the potential of the morphing technology to be a real-world 
implementation.  
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